The second virial coefficient for a molecular model of n-alkanes with up to 200 carbon atoms has been computed for temperatures in the range of 1000 KϽTϽ2000 K. The model used in the calculations is based on one which reproduces the experimental values of the second virial coefficient for short n-alkanes. The Boyle temperature of n-alkanes is not much affected by the length of the chain for n-alkanes with more than 100 carbon atoms. According to the Flory theory, for infinitely long chains the Boyle temperature and the critical temperature, denoted as the temperature are the same. On this basis using the present model we find ϭ1620 K as the critical temperature of polymethylene. Scaling laws for the square of the end-to-end distance and for the radius of gyration at several temperatures are analyzed. For high temperatures, the scaling laws correspond to good solvent conditions whereas at the temperature the scaling laws are those of an ideal chain. The shape of long n-alkanes at several temperatures is also analyzed. We find that the polymethylene chains present an anisotropy similar to that of a parallelepiped with a ratio of sizes of 1:1.7:3.6.
I. INTRODUCTION
The n-alkanes are compounds of great interest for the petrochemical industry. These compounds play an essential role in several refinery and related processes like separation of waxes. For light n-alkanes the thermodynamic properties are very well known through the whole phase diagram. [1] [2] [3] [4] However, for heavy n-alkanes experimental data are rather scarce. Usually thermodynamic data of heavy n-alkanes are estimated by using the principle of corresponding states. For this reason the determination of the critical properties of heavy n-alkanes is of considerable interest.
For low weight n-alkanes the critical properties are well known. For longer n-alkanes some problems arise since n-alkanes are thermally unstable for temperatures larger than 650 K. However, quite recently there has been some progress [5] [6] [7] and the critical properties have been determined for n-alkanes up to tetraeicosane ͑C 24 H 50 ͒. Basically, a fast heating of the sample is performed in these experiments, so that significant thermal decomposition does not take place. However, for longer chains there is no experimental data concerning critical properties. It is not likely that there would be data in the near future since very long n-alkanes are quite unstable at high temperatures. 7 In this paper we shall focus on the problem of the determination of the critical temperature of long chains.
To overcome this situation three possible routes are possible. The first is to propose a fitting function for the critical properties of n-alkanes and to obtain the parameters of the fit by using the low weight n-alkane data. Examples of that can be found in Refs. 8 and 9. The problem with this approach is that the fitting function is completely empirical and ad hoc, so that there is no guarantee that the extrapolation is reliable for long n-alkanes. The second is to use a semiempirical method with some theoretical ground and to obtain the needed parameters from the critical data of short n-alkanes. An example of this approach can be found in Refs. 9 and 10. The third approach is to use a molecular description of the problem and to use the methods of statistical thermodynamics for the estimation of properties. The parameters describing the interaction between molecules can be obtained from the short n-alkanes data. Examples of this third approach can be found in Refs. 11-13 where the critical properties of n-alkanes up to C 48 were estimated by using computer simulation and in Refs. 14-17 where second virial coefficients of n-alkanes up to C 16 were computed numerically. In this work this molecular route will be used.
Recently the second virial coefficient of n-alkanes has been computed. 15, 16 The parameters of the intermolecular potential were obtained by using experimental data on the second virial coefficient of short n-alkanes. 15, 16 By using computer simulation Smit et al. have shown 12 that it is possible to obtain a satisfactory description of the vapor-liquid equilibria of n-alkanes with a molecular model similar to that used in our second virial coefficient calculations. Therefore for n-alkanes a model is now available which correctly describes second virial coefficient data and vapor-liquid equilibria of short n-alkanes.
In this work the second virial coefficient ͑B 2 ͒ will be calculated numerically for n-alkanes with up to 200 carbon atoms. Our goal is twofold. First, we shall provide estimates of the second virial coefficient of long chains. Particular interest will be devoted to the determination of the Boyle temperature T B ͑the temperature for which B 2 ϭ0͒. Second, we shall make contact with some well-known theories of poly-mer science. A long time ago Flory and Krigbaum developed a theory for dilute polymer solutions. 18, 19 This theory predicts that for very long chains the second osmotic coefficient becomes zero at a temperature which is independent of the length of the chain. This assumption has been recently tested by several groups for the pearl-necklace model. [20] [21] [22] [23] In this work this assumption will be tested for the relatively realistic n-alkane model of our previous work. Moreover, according to the Flory-Huggins theory 24, 25 of polymer solutions the critical temperature of infinitely long chains, usually denoted as the temperature, is also the temperature where the second osmotic virial coefficient vanishes. In other words according to Flory the Boyle temperature and the temperature are the same for infinitely long chains. This point has been recently confirmed by using computer simulation for a polymer on a simple lattice 26 and for the pearl-necklace model. 22 In this work we shall assume that the identification between T B and is valid for very long n-alkanes. On this basis an estimate of the critical temperature of polymethylene will be given. The importance of this value is that it could be used as an asymptotic limit in engineering correlations. The organization of this paper is as follows. In Sec. II details concerning the pair potential and B 2 calculations will be given. In Sec. III results for B 2 will be presented. In Sec. IV some considerations concerning scaling relations for n-alkanes will be given. In Sec. V the main conclusions to this work will be presented.
II. SECOND VIRIAL COEFFICIENT CALCULATIONS
The n-alkane will be described within the rotational isomeric state 27 ͑RIS͒ approximation. For each torsional angle only three possibilities exist, trans (t), gauche ϩ ͑g ϩ ͒, and gauche Ϫ ͑g Ϫ ͒. The gauche configuration makes an angle of 120°with respect to the trans. The geometry of the chain as described by the carbon skeleton is given by a C-C bond length fixed to 1.53 Å and a C-C-C angle of 112°. The number of carbon atoms of the n-alkane will be denoted as n c . Each CH 3 or CH 2 group will be modeled as one interaction site located at the position of the carbon atom. Therefore, in this work no explicit description of the hydrogen atoms is made.
The intramolecular energy of the chain can be divided into a short-range and a long-range contribution. The shortrange contribution is given by
The indexes i, j in Eq. ͑1͒ run over the interaction sites of the molecule numbered from one to n c and r i j is the distance between site i and site j. The variables a,b,c can take the values t, g ϩ , or g Ϫ . The C-C bonds of the molecule are numbered from one to n c Ϫ1. E c is the conformational energy associated to the rotational state of the third C-C bond of the chain and it depends on the rotational state of this bond only. The index k in Eq. ͑1͒ runs over the C-C bonds of the molecule starting in the fourth. The energy E ab,k is appropriately regarded as the contribution to U intra associated with assignment of bond k to state b, bond kϪ1 being in state a. We are basically following the notation established by Flory. 27 The following set of E ab energies will be used:
The last term in Eq. ͑1͒ is a Lennard-Jones ͑LJ͒ potential between carbons separated by five bonds. With Eq. ͑1͒ the interaction energy between units separated by less than six bonds along the chain is being considered. The U intra short energy described by Eqs. ͑1͒ and ͑2͒ can be easily obtained by multiplying the total number of gauche bonds of the molecule by E 1 , adding the LJ energy between carbons separated by five bonds, and finally adding the energy due to
sequences. This last contribution is obtained by counting the number of appearances of g ϩ g Ϫ or g Ϫ g ϩ sequences in the chain and multiplying that by (E 2 ϪE 1 ).
The long-range intramolecular energy is given by
In this work will be set to ϭ3. The intermolecular energy between a pair of molecules is given by
Within the RIS approximation, where the n-alkane is regarded as a multicomponent mixture, the second virial coefficient is given by
where x i ,x j are the molar fraction of rotational isomers i and j, respectively, and B i j is the second virial coefficient between rotational isomers i and j. Hereafter, we shall use the word conformer to denote a rotational isomer. In Eq. ͑8͒ r stands for the distance between the center of mass of the conformers i and j and i and j represent a set of orientational angles defining the orientation of conformers i and j and are normalized to one ͑i.e., ͐d i ϭ1͒. U inter refers to the intermolecular energy between conformers i and j at the distance r and for the relative orientation given by i and j . The molar fraction of a given conformer is obtained as
Therefore the key equations for the B 2 calculations are Eqs. ͑7͒-͑9͒. Our numerical implementation of Eqs. ͑7͒-͑9͒ is as follows ͑i͒ A Monte Carlo run of an isolated chain is performed. Intramolecular energies ͑short and long range͒ are considered in the Monte Carlo run of the isolated chain. The pivoting algorithm 28 ͑with three possible rotational states per bond͒ was used for generating the chain configurations. Metropolis criterion is adopted for accepting configurations within the Monte Carlo ͑MC͒ run. 29 Typically, the MC run involves 10 6 steps. The coordinates of 100 configurations obtained within the run are stored for later analysis.
͑ii͒ With the 100 configurations ͑conformers͒ generated in the previous step, 100 pairs of conformers are chosen randomly.
͑iii͒ For each pair of conformers the integral of Eq. ͑8͒ is computed. For that purpose, 61 values of r are chosen between 0 and 30. For each value of r the orientational average is performed by using Conroy's integration method 30 with 577 relative orientations. Once the orientational average has been performed for the 61 values of r, the integrand of Eq. ͑8͒ is computed using Simpson's rule so that B i j is determined. This is repeated for the 100 pair of conformers chosen in step ͑ii͒.
͑iv͒ The arithmetic average of the 100 values of B i j determined in step ͑iii͒ is the computed value of B 2 . In other words to obtain B 2 we add the 100 obtained values of B i j and divided by 100.
We checked our code by comparison with the results previously obtained 15, 16 with a different algorithm. Good agreement was found. For a given temperature and n-alkane, intermolecular energies are computed approximately 4ϫ10 6 times ͑61ϫ577ϫ100͒. The standard deviation between the different B i j gives us some estimate of the uncertainty of our calculations.
Our algorithm for the second virial coefficient evaluation also allows the evaluation of the effective interaction potential between n-alkanes. This effective potential will be denoted as u e (r) and is defined as:
In Eq. ͑10͒ the integrand is evaluated for a fixed value of r. The Boltzmann factor of the spherical u e (r) has the same value as the average of the Boltzmann factor of U inter over all the relative orientations and over all pairs of conformers. The effective potential u e (r) is easily obtained from our algorithm described by steps ͑i͒-͑iv͒. Since our algorithm for the determination of B 2 requires a Monte Carlo of an isolated chain, some properties defining the geometry of the n-alkane can also be calculated. In particular the mean square radius of gyration ͗s 2 ͘ ͑defined as the mean squared distance from the carbons of the molecule to the center of mass͒ and the mean square end-to-end distance ͗r 2 ͘ ͑defined as the mean squared distance between the first and last carbon of the n-alkane͒ have also been evaluated. Particular attention has been paid to the scaling laws of ͗r 2 ͘ and ͗s
where for long chains it is assumed that r ϭ s . The scaling coefficient r depends on temperature so that it is assumed that at high temperature ͑good solvent conditions͒ r ϭ1.176 ͑see Ref. 31͒, at the temperature r ϭ1 and for low temperatures ͑bad solvent͒ r ϭ2/3 ͑see Ref. 32͒.
III. RESULTS
The second virial coefficient has been computed for temperatures in the range of 1000 KϽTϽ2000 K. We computed The models used in this work are described in Table I . The first model ͑M1͒ corresponds to the set of parameters determined in our previous work. 16 This set of parameters ͑M1͒ accurately describes the second virial coefficient of n-alkanes from n-butane up to n-octane for temperatures between 300 and 600 K. In Table II the values of the second virial coefficient for the M1 model are presented. The estimated errors of our determination of B 2 for the M1 model are shown in the last column of Table II . These errors correspond to three times the standard deviation of the average of the B i j values computed from Eq. ͑8͒. In a few cases several independent calculations of B 2 for a given temperature were performed and the obtained values were always within the interval given by the last column of Table  II . In Fig. 1 the results of B 2 of the M1 model are shown. As can be seen, the Boyle temperature T B increases with the length of the chain for short chains ͑i.e., n c Ͻ100͒. For long chains ͑i.e., n c Ͼ100͒ T B is almost independent of the chain length and this is in agreement with the predictions of the Flory-Krigbaum theory for diluted polymer solutions. This is more clearly seen in Table III where the Boyle temperatures obtained for the M1 model are presented. For infinitely long chains T B is estimated to be T B ϭ1660 K. According to the Flory theory the Boyle temperature of infinitely chains is also the critical temperature of the infinitely long chain. Therefore the set of parameters of our previous work leads to an estimate of the critical temperature of polymethylene of Tϭ1660 K.
It is interesting to mention that the variation of the Boyle temperature with the length of the chain depends on the kind of potential used for describing the intermolecular interaction. In lattice systems it has been found that T B decreases with the length of the chain. For the nonlattice pearlnecklace model, Wichert and Hall 21 have found that when the square well potential ͑SW͒ is used for describing the intermolecular interaction then T B decreases with the length of the chain if Ͻ0.5, whereas it increases with the length of the chain if Ͼ0.5. Therefore, the variation with the length of the chain of T B of the more realistic LJ potential is similar to that of the SW model with Ͼ0.5. The kind of intermolecular interaction therefore affects the variations of T B with the length of the chain.
The parameters described by the model M1 were obtained to fit experimental values of B 2 at low temperatures ͑300-600 K͒. For the temperature Tϭ600 K the second virial coefficient of the M1 model of n-octane is smaller than the experimental value. In fact, for n-octane at Tϭ580 K the experimental value 33, 34 is B 2 ϭϪ638 cm 3 /mol whereas the calculated value with the M1 model is B 2 ϭϪ681 cm 3 /mol. In this work we are interested in the behavior of B 2 at high temperatures. Because of that we decided to adjust the parameters of the M1 model slightly so that the experimental value of n-octane at Tϭ580 K is reproduced. We decided to keep the values of the M1 model for E 1 , E 2 , and ⑀ CH 3 -CH 3 and to reduce slightly the value for ⑀ CH 2 -CH 2 so that the experimental value of n-octane at Tϭ580 K is matched. The new model will be denoted as M2 and is presented in Table  I . It should be pointed out that the M2 model is similar to the model used by Smit et al. 12 for describing the vapor-liquid equilibria of n-alkanes ͑although differences for ⑀ CH 3 -CH 3 between these models are significant͒.
In Table II In order to analyze in further detail which model, M1 or M2 ͑the M3 model is almost identical to the M2 model͒, provides a better description of the second virial coefficient of n-alkanes we present in Fig. 2 the second virial coefficient of n-octane and of n-decane in a broad range of temperatures as obtained from experiments 35 and from our calculations for the M1 and M2 models. It can be seen from Fig. 2 that the M1 model provides a better description of B 2 for n-octane and n-decane at high temperatures whereas the M2 model provides a better description at low temperatures. Both models, M1 and M2, fit the experimental data reasonably well and it is hard to decide which model should be adopted. The experimental Boyle temperature of n-octane is situated at T B ϭ1309 K, which is closer to the estimate of the M1 model. For n-decane the experimental Boyle temperature is of T B ϭ1381 K which again is closer to the estimate of the M1 model. Since there is no experimental data for longer n-alkanes at high temperatures a definitive choice among the M1 and M2 models cannot be made. On the basis of existing information we can regard both the M1 and M2 models as reasonable models for the description of the second virial coefficient of n-alkanes at high temperatures. Differences between them represent approximately the uncertainty, due to our approximate knowledge of the intermolecular forces in n-alkanes, of our estimates for the second virial coefficient and Boyle temperature of these compounds.
We have fitted the values of B 2 for the M2 model in the range ͑1000-2000 K͒ to the following empirical function:
has the same form as the analytical expression of B 2 for the SW potential of a spherical molecule.
Recently it has been shown 36 that Eq. ͑13͒ reproduces quite well experimental data of B 2 for n-alkanes. The parameters of the fit are presented in Table IV for the n-alkanes considered in this work. One of the main results of this work is an estimate of the critical temperature of infinitely long n-alkanes, which is denoted as the temperature. The two models of this work for B 2 at high temperatures are the M1 and M2 models, which predict that for n-alkanes ϭ1660 K and ϭ1580 K, respectively. The difference between for both models represents approximately the uncertainty of our estimate of the temperature of polymethylene. The origin of this uncertainty is our ignorance on the true intermolecular forces in n-alkanes. Since there is not definitive arguments to state the superiority of any among these two models we shall simply adopt the arithmetic average as the estimate of the temperature of n-alkanes. Therefore, this work suggests ϭ1620Ϯ80 K as the estimate of the critical temperature of polymethylene. Is this estimate of the critical temperature of very long n-alkanes in agreement with the most recent experimental and simulation data for n-alkanes? To check this point we shall use first the critical temperature of n-alkanes as determined from the computer simulations of Smit et al. 12 According to the Flory-Huggins theory the critical temperature of a long chain molecule is given by 24, 25 
where 1 is an adimensional parameter 19 characterizing the entropy of dilution of polymer with solvent ͑vacuum for pure n-alkanes͒. According to Eq. ͑14͒ a representation of 1/T c vs 1/(n c ) 0.5 ϩ1/(2n c ) ͑which is usually denoted as a ShultzFlory plot 37 ͒ should be linear and the value of can be obtained from the ordinate in the origin. Equation ͑14͒ holds very well for many polymer-solvent systems provided that the chains are sufficiently long. Some recent simulation data indicates that Eq. ͑14͒ holds relatively well for fully flexible chains of about 100 monomer units. 22, 38 We decided to analyze the critical data of n-alkanes by using Eq. ͑14͒, although it must be recognized that the n-alkanes of this work are probably too short for Eq. ͑14͒ to be strictly valid. In Fig. 3 a Shultz-Flory plot of the computer simulation data of Smit et al. 12 is presented. By fitting the results of Smit et al. for n-alkanes with carbon atoms in the range of 10-48 we found MC ϭ1507 K. In Fig. 3 a Shultz-Flory plot of the experimental results of the critical temperature of n-alkanes is presented. From this plot and using the experimental critical temperatures of n-alkanes with carbon atoms in the range of 8-24 we obtain expt ϭ1576 K. If we use the experimental data with carbon atoms in the range of 5-16 we obtain expt ϭ1687 K ͑the same result was found in Ref. 9 by using data of n-alkanes with up to 16 carbon atoms͒. As can be seen the critical temperature of polymethylene obtained from a Shultz-Flory plot of experimental data of short n-alkanes is quite sensitive to the choice of the data used. Further theoretical work to analyze the minimum chain length that could be used in a Shultz-Flory plot to obtain reliable estimates of the critical temperature of infinitely long chains is clearly needed. Therefore, our use of the Shultz-Flory plot for short chains should be regarded with caution. However, it is encouraging that our estimate of the critical temperature of polymethylene seems to be close to that obtained from a Shultz-Flory plot of the experimental data. At this point it is interesting to mention that other estimates of the temperature for polymethylene are 10,8 ϭ1072 K and ϭ960 K. The results of this work along with those of Ref. 12 strongly suggest that these previous estimates are too low.
Before continuing let us discuss briefly the meaning of the temperature of polymethylene. We shall recall that ϭ1620 K refers to the estimate of the critical temperature of polymethylene with no solvent present and assuming that chemical decomposition does not take place. Another different issue is the temperature of polymethylene when dissolved in a given solvent. In this case we have a binary system ͑solvent/polymethylene͒ and the temperature is the upper critical solution temperature ͑UCST͒ of the system. For instance temperatures of polymethylene in common solvents ͑dodecanol-, diphenylmethane, ␣-Cl-naphthalene͒ are around ϭ413 K. According to the McMillan and Mayer theory 39 when treating the solvent/polymer systems the solvent can be ignored if the potential of mean force is used instead of the true pair potential between polymer molecules. We shall propose now a model for the potential of mean force of polymethylene in common solvents which approximately reproduces the temperature found in experimental studies. This model is shown in Table I and is denoted as M4. For the M4 model B 2 becomes zero for long chains for a temperature very close to Tϭ413 K. Therefore the M4 model can be used as an approximation to the potential of mean force of polymethylene in common solvents.
The results presented so far were mainly focused on the Boyle temperature of polymethylene. However, the results obtained can be useful for considering some issues currently discussed in polymer science. We should emphasize that the second virial coefficient of continuous chain models are rather scarce although it seems that there is a growing interest in that field. [14] [15] [16] [17] [20] [21] [22] [23] Let us start by discussing the behavior of the osmotic second virial coefficient. When study- ing polymers dissolved in solution the osmotic pressure is usually expanded in power of the polymer concentration c as
where ⌸ is the osmotic pressure, c is the polymer concentration expressed in units of mass per volume, and M is the molecular weight. This is to be compared with the virial expansion of the pressure which is usually written as
where cЈ is the concentration in mole per volume. The similarity between Eq. ͑15͒ and Eq. ͑16͒ is due to the fact, as first shown by McMillan and Mayer, 39 that the osmotic pressure can be expanded in the same way as the virial pressure if the potential of mean force is used instead of the pair potential. By identifying p with ⌸ then it is found that
In polymer science some theories have been developed for A 2 . Therefore, we shall now present our B 2 data for n-alkanes reduced by the square of n c . This is done in Fig. 4 for the M2 model. The choice of this model is just performed for convenience since we have already discussed that there is no clear evidence to prefer the M2 over the M1 model for describing n-alkanes. All of our conclusions hold equally well for the M1 model. At low temperatures ͑where B 2 is negative͒ the value of A 2 ϰB 2 /(n c ) 2 is hardly affected by the length of the chain. This is in agreement with recent experimental data for A 2 of several polymer-solvent systems below the temperature. [40] [41] [42] For high temperatures where B 2 is positive, the function B 2 /(n c ) 2 decreases when n c increases at a given temperature. This is in agreement with the Flory-Krigbaum theory of dilute polymer solutions. The results of Fig. 4 can be summarized by saying that A 2 is almost independent of the molecular weight for temperatures where it is negative and depends strongly on n c for temperatures where it is positive, decreasing as the molecular weight increases. By fitting our results of A 2 for the M2 model with n c ϭ50, 100, and 200 at Tϭ2000 K we found A 2 ϰn c Ϫ␦ with ␦ϭ0.31Ϯ0.03. For Tϭ1800 K and using the results for n c ϭ50, 100, and 200 we found ␦ϭ0.34Ϯ0.02. Experimental values for ␦ in good solvent conditions 40 are usually in the range ␦ϭ0.2-0.3. Our somewhat higher value is probably due to the fact that our chains are too short in order to the scaling law to be valid. The effective pair potential u e defined by Eq. ͑10͒ is plotted in Fig. 5 for several temperatures and lengths of the chain. For long chains it has a finite value when rϭ0 ͑posi-tive for high temperatures and negative for low temperatures͒. This is in agreement with the results of Harismiadis and Szleifer 23 and from Dautenhahn and Hall. 20 Let us now analyze the behavior of ͗r 2 ͘ and ͗s 2 ͘. In Table V ͘ decreases as the temperature increases. For long n-alkanes the opposite is true. This is due to the opposite effect of the temperature on the short-and long-range intramolecular forces. The increase of the temperature favors the presence of gauche configurations ͑short-range interaction͒ which makes the molecules more spherical and therefore reduces the value of ͗r 2 ͘. On the other hand the increase of the temperatures ͑long-range interaction͒ makes the attractive interaction between different units of the chain weaker so that the value of ͗r 2 ͘ increases. Therefore the effect of temperature on short-and long-range intramolecular forces is different. For short chains, short-range intramolecular forces are dominant so that the chain becomes less expanded as T increases. For long chains, the long-range intramolecular forces are dominant so that the chain becomes more expanded as T increases. For C 30 In general values of r are smaller than those of s . For Tϭ1200 K, a temperature well below the temperature we obtain r ϭ0.79; for Tϭ1600 K, a temperature close to the temperature we obtain r ϭ1.06, and for Tϭ2000 K, a temperature higher than the temperature we obtain r ϭ1.11. The expected value of r for the temperature is unity. Clearly for Tϭ1600 K our value r ϭ1.06 is somewhat high. This discrepancy is due to the fact that the scaling law ͓Eq. ͑11͔͒ has not been achieved for the chains considered in this work ͑i.e., n c Ͻ600͒. Evidence of that is obtained in two different ways. First r decreases significantly when the length of the chains is increased ͑see Table VI͒. Second, even unperturbed chains ͑chains with short-range interactions only͒ do not yield a value of one for r 0 as they should be ͑see Table VI͒ but a somewhat higher value. This point was further tested by analyzing the results of Ref. 43 for unperturbed n-alkane models. Again we found a value of r 0 larger than one from the results of this previous work. The conclusion of this digression is that it is necessary to go to longer chains for obtaining accurate estimates of r . In view of this we decided to fit our results for ͗r 2 ͘ and ͗s 2 ͘ to a new expression which includes logarithmic corrections 44 in the way predicted by the renormalization group theory. 45 For instance, for ͗r Table V for Tϭ1600 K and n c у50 are fitted to Eq. ͑18͒ one obtains aϭ0.97Ϯ0.18, r ϭ1.02Ϯ0.02 and cϭ1.08Ϯ0.37. When the same fitting is done for the ͗s 2 ͘ data one obtains aϭ0.21Ϯ0.02 s ϭ1.00Ϯ0.01, and cϭ1.82 Ϯ0.11. Logarithmic corrections in Eq. ͑18͒ are of about 20% for chains with n c ϭ600, confirming our previous suggestions that chains with n c ϭ600 are too short for Eqs. ͑11͒ and ͑12͒ to be applicable. Once these corrections are taken into account the results of ͗r 2 ͘ and ͗s 2 ͘ for Tϭ1600 K are consistent ͑within the numerical uncertainty͒ with r ϭ1.00 and s ϭ1.00. Therefore our results support the idea that the Boyle temperature of the infinitely long chain ͑in our case T B ϭ1580 K for the M2 model͒ is also the temperature where the scaling law given by Eqs. ͑11͒ and ͑12͒ satisfied with r ϭ s ϭ1 ͑note that we are assuming that the values of r and s for Tϭ1600 K should be quite similar to their values at Tϭ1580 K since the difference in temperature is small͒. To gain further evidence in support of the fact that for Tϭ1600 K r ϭ s ϭ1 we have plotted in Fig. 6 the ratio ͗s 2 ͘/͗s 2 ͘ 0 versus the inverse of the temperature ͑in Kelvin͒ for several values of n c for the M2 model. This kind of plot was first suggested by Bruns. 46 If results for all chains intersect at a single point then, for the temperature of this intersection point ͗s 
for the M2 model are also evaluated. Dimensions of the unperturbed chains were obtained by using Eq. ͑1͒ for defining the short-range intramolecular interactions. Results of the last rows ͑labeled with asterisks͒ were obtained for the M4 model. In this case the dimension of the unperturbed chain were obtained by using only the first two terms on the right-hand side of Eq. ͑1͒. The results are given in 2 units. 22 have proved for a simple model that the Boyle temperature of long chains is coincident ͑within the uncertainty of the calculations͒ with the temperature where r ϭ s ϭ1. The same result has been obtained for lattice models. 46, 47 In this work we obtain further evidence of this point for a more realistic n-alkane model.
Our choice for the definition of short-range interactions described by Eq. ͑1͒ may appear somewhat unusual. Let us recall that the choice of the short-range interactions is somewhat arbitrary. The only requirement is that dimensions of the chain at the temperature are close to that determined from the unperturbed chain ͑the chain with short-range interactions only͒. It was found for the M1, M2, and M3 models that only when the LJ interaction between carbons separated by five bonds was included dimensions of the unperturbed chain becomes close ͑although not identical͒ to that of a real chain at the temperature. For the M4 model it is not necessary to include the LJ interaction between carbons separated by five bonds into the short-range potential in order to have comparable values of ͗r 2 ͘ and ͗r 2 ͘ 0 at the point. Summarizing, if one imposes the condition that dimensions of the real and unperturbed chain be similar at the temperature then LJ interactions should be included in the short-range potential for the M1, M2, and M3 models of n-alkanes whereas it is not necessary to do so for the M4 model. The origin of that is the wild difference in the temperatures of the M1, M2, and M3 models ͑which is of about 1600 K͒ and that of the M4 model ͑close to 400 K͒. At low temperatures ͑the M4 model͒ the occurrence of sequences with several consecutive gauche bonds are scarce. However at high temperatures ͑M1, M2, and M3 models͒ it is more frequent and unless steric hindrance is introduced for this sequence ͑through the LJ interaction͒ some sequences of gauche bonds will present higher probability than they should. That was somehow anticipated by Flory 27 who stated that for usual temperature interactions between carbon separated by four bonds are sufficient to describe the dimension of the chain at the point but that for other conditions more interactions should be included within the short-range interactions. This is indeed the case for long n-alkanes at the critical point. We stress again that even at the temperature dimensions of real and unperturbed chain are not identical. Although at the temperature, real and unperturbed chain dimensions scale with r ϭ s ϭ1, the coefficients P r and P s in Eqs. ͑11͒ and ͑12͒ are not the same for these two models.
In addition to the scaling laws for ͗r 2 ͘ and ͗s
2
͘ an interesting issue is that concerning the shape of the n-alkane. It has been well known for a long time that the instantaneous shape of a random walk is rather elongated. 48, 49 The same has been found for lattice models with long-range interactions. 50 To analyze the shape of long n-alkanes we proceeded as follows. A Monte Carlo run of an isolated chain has been performed. Every five time steps the three principal moments of inertia of the molecule were calculated by computing the eigenvalues of the inertia tensor. Since we are interested in the shape of the molecule rather than in its mass distribution the mass of each interaction site ͑CH 3 or CH 2 ͒ was uniformly distributed within a sphere of radius . Therefore, the inertia tensor for a distribution of compact hard spheres of diameter is computed ͑see Ref. 51 for further details͒. The mass of the CH 3 and CH 2 groups was set to the arbitrary value ͑the small difference in mass between CH 3 spherical distribution of sites͒ indicating that the instantaneous configurations of the n-alkane are rather anisotropic. In order to get more information concerning the shape of n-alkanes, we assign to every configuration of the n-alkane an equivalent parallelepiped ͑of uniform mass density͒ with the same principal moments of inertia than the considered configuration. The lengths of the sides of the parallelepiped a, b, and c ͑with aϽbϽc͒ are obtained from the solution of the following equations: where M is the total mass of the parallelepiped which is given by n c ͑i.e., the same total mass is assigned to the parallelepiped and to the n-alkane͒. In Table VII changes from 3.38 to 3.66 when increasing the temperature from Tϭ1200 K to Tϭ2000 K͒. In any case the effect of the temperature on the anisotropy of the chain is small. For a temperature close to the point ͑see Tϭ1600 K͒ the principal moments of inertia of the chain are the same as those of a parallelepiped with a ratio of a:b:c of 1:1.7:3.6. Although the chain with n c ϭ200 is slightly more spherical than the one with n c ϭ100, the differences are small so that the ratio 1:1.7:3.6 seems to be close to the anisotropy of the infinitely long polymethylene chain. This ratio is in agreement with previous calculations of Solc 49 for self-avoiding walks. We conclude that n-alkanes present a considerable anisotropy at the temperature and for higher and lower temperatures. To further illustrate this point in Fig. 7 an instantaneous configurations of the n-alkane is plotted. A simple visual inspection reveals the anisotropy of n-alkanes. The strong anisotropy of long chains was also suggested by previous studies concerning the second virial coefficient of hard n-alkane models. 51, 52 Although we cannot speak on the shape of a long n-alkane since each configuration presents a different shape, it can be stated however that the instantaneous configurations of a n-alkane resemble more an elongated body ͑parallelepiped, ellipsoid͒ than a sphere.
IV. CONCLUSIONS
In this work the second virial coefficient of n-alkanes has been calculated. The model used is quite similar to that proposed in a previous work. 15, 16 It is shown that the Boyle temperature of n-alkanes is fairly insensitive to the length of the chain for chains with n c Ͼ100. This is in agreement with the prediction of the Flory-Krigbaum theory. Since according to the Flory-Huggins theory the temperature at which the second virial ͑osmotic͒ coefficient vanishes is also the critical temperature of the infinitely long chain, the Boyle temperature of infinitely long chains provides an estimate of the critical temperature of polymethylene. The results of this work suggest ϭ1620 K. This result is in reasonable agreement with the critical temperature of polymethylene estimated from Shultz-Flory plots of the computer simulations of Smit et al. 12 and from the available critical temperatures of short chains. Therefore we believe that ϭ1620Ϯ80 K is a reasonable estimate of the critical temperature of polymethylene. This is much higher than previous estimates 8, 10 which are located around ϭ1000 K.
It is shown that A 2 ͑i.e., B 2 /n c 2 ͒ is independent of the length of the chain for temperatures below the temperature and it scales as n c Ϫ␦ with ␦ close to 0.30 for temperatures above the temperature. This is in agreement with some recent experimental data. [40] [41] [42] The scaling laws for ͗r 2 ͘ and ͗s 2 ͘ at Tϭ0 and for other different temperatures were analyzed. At the temperature the exponent v R took the value v R ϭ1.06. This exponent was obtained from the rather short chains considered in this work. For n-alkanes it seems necessary to go to longer chains in order to obtain the correct scaling behavior. In fact when logarithmic corrections are properly taken into account we obtain at the temperature that v r ϭv s ϭ1, giving further evidence that at the temperature where the second virial coefficient of the infinitely long chain vanishes, the square of the radius of gyration and the square of the end-to-end distance scale with ͑n c Ϫ1͒.
The shape of polymethylene has been analyzed. It is found that the average values of the three principal moments of inertia of polymethylene are identical to that of a parallelepiped with a length of the sides in the ratio 1:1.7:3.6. Recently it has been suggested that the vapor-liquid equilibria of chain molecules can be approximated by that of a representative conformer 53 or even by that of a body of simple geometry [54] [55] [56] ͑spherocylinder, ellipsoid͒. The importance of this simplification is that it reduces the difficult problem of calculating the vapor-liquid equilibria of a chain molecule to the simpler one of computing the vapor-liquid equilibria of a rigid model with a fixed shape. Perturbation theories are now available for anisotropic pure fluids. 55, 57 The results of this work suggest that this representative body should be rather anisotropic if the ''average'' shape of the n-alkane should be described. For instance Boublik et al. 54, 55 have recently described successfully the vapor-liquid equilibria of n-alkanes up to n-hexadecane by taking the n-alkane as a spherocylinder with a relatively large length to breath ratio. This work provides support for this approach and similar ones since after all, chains are rather anisotropic.
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